The community of microorganisms in the microbiome is affected by host species, diet, 16 and environment and is linked to normal functioning metabolism, immune system, and 17 development. Although the microbiome fluctuates in response to host demands and 18 environmental changes, there are core groups of microorganisms that remain relatively constant 19 throughout the hosts lifetime. Ruminants are mammals that rely on highly specialized digestive 20 and metabolic modifications, including microbiome adaptations, to persist in extreme 21 environments. We assayed the gut microbiome of four mountain goat (Oreamnos americanus) 22 populations in western North America. We quantified microbiome diversity and composition 23 between groups in the wild and captivity, across space, and over time. There were no differences 24 in community evenness or diversity across groups, although we observed a decreasing diversity 25 trend across the summer. Pairwise dissimilarity estimates grouped the captive population 26 distinctly from the wild populations, and moderately grouped the southern wild distinctly from 27 the two northern wild populations. We identified 33 genera modified by captivity, with major 28 differences in key groups associated with cellulose degradation that likely reflect differences in 29 diet. Our findings are consistent with other ruminant studies and provide baseline microbiome 30 data in this enigmatic species, offering valuable insights into the health of wild alpine ungulates. 31
Introduction 36
The microbiome is a dynamic community of microorganisms that colonize organisms 37 from birth onwards. The gut microbiome at a given time is affected by the age, species, diet, 38 nutrition, and environment of the host and is directly linked to host health, including metabolism, 39 immunity, and development (Nishida & Ochman, 2017) . Although much of the gut microbiome 40 is a transient response to changes in the host, core groups of microorganisms are found in stable 41 relative abundances throughout the life of the host and the proportions of these groups act like asignature of the host's diet, health, and environment (Gogul et al., 2018) . The stable relative 43 abundances of the core groups are directly related to the function and the demand of the core 44 groups, such as the relative ratio of Firmicutes to Bacteroidetes, the dominant core groups in 45 mammal gut microbiomes, can be used to discern between carnivorous and herbivorous 46 mammals since each group is responsible for different metabolic demands (Kreisinger et al., 47 Sample collection and DNA extraction 130
Fresh mountain goat fecal samples were collected from SM, YB, CR, and CZ during the 131 summer months (June-August 2016). Samples were collected at CR after observing groups of 132 mountain goats defecate, where those in Alaska were collected from areas where mountain goats 133 were observed. All samples (N=54), except those from CR, were stored immediately in 70% 134 ethanol (EtOH) and frozen at -20°C in plastic 50 ml conical tubes for preservation. CR samples 135
were stored individually in plastic sample bags at -20°C. All surfaces were sterilized with 90% 136 
Quality assessment and library preparation 142 Species identification was confirmed for SM samples as the population is sympatric with 143
Sitka black-tailed deer (Odocoileus hemionus sitkensis). The mitochondrial D-Loop was 144 amplified using L15527 and H00438 primers and sequenced on an ABI3 3730 (Wu et al. 2003) . 145
The consensus sequences generated in BioEdit (v 7.0.4.1) were screened using NCBI BLAST to 146 identify the species. For all known mountain goat fecal samples DNA concentrations were 147 measured with a Qubit 3.0 Fluorometer per manufacturers protocol (Invitrogen). Samples were 148 concentrated if the extracted concentration of gDNA was below 3 ng/ul. The validated Illumina 149 16S rRNA Metagenomic Sequencing Library Preparation (#15044223 rev.B) protocol was then 150 followed for library preparation (Rimoldi, Terova, Ascione, Giannico, & Brambilla, 2018). The 151 16S ribosomal ribonucleic acid (16S rRNA) hypervariable region, specifically the V3 and V4 152 regions, were targeted with four variants of 341F and 805R primers using the primers designed 153
by Jakobsson et al., 2014 . A unique combination of Nextera XT indexes, index 1 (i7) and index 2 154 (i5) adapters, were assigned to each sample for multiplexing and pooling of 96 samples. 155
Four replicates of each sample of fecal gDNA were amplified in 25 ul PCR using the 156 341F and 805R primers (Jakobsson et al., 2014) . The replicated amplicons for each sample were 157 combined into a single reaction of 100 ul and purified using a QIAquick PCR Purification Kit7 (Qiagen, 28104). Sample indexes were annealed to the amplicons using an 8-cycle PCR reaction 159 to produce fragments approximately 630 bp in length. Aliquots of 100 ng DNA for each sample 160 were pooled together and purified with the QIAquick PCR Purification Kit for a final volume of 161 50 ul. The final purified library was validated by TapeStation (Agilent, G2991AA) and 162 sequenced in 300 bp pair-end reads on an Illumina MiSeq sequencer at the Genomic Facility of 163 Guelph University (Guelph, Ontario). 164
Analysis 165

Bioinformatics and taxonomic evaluation 166
The quality of the raw sequences was assessed with FastQC (v 0.11.4) and the low-167 quality cut-off for forward and reverse reads was determined. Forward and reverse reads were 168 then imported into QIIME2 (v 2018.6). The quality control function DADA2 was used to 169 truncate forward and reverse reads and perform denoising, and the detection and removal of 170 
Microbiome communities between captive and wild mountain goats 214
The three alpha diversity metrics did not show any differences between the captive and 215 wild populations (q-value > 0.89 for all comparisons; Table 1; Figure 2 ). There were more 216 unique classifications in wild than in captive mountain goats (Supplementary Table S3 ). Based 217 on relative abundances the top two phyla for captive and wild mountain goats were Firmicutes 218
and Bacteroidetes, with the remaining of the top five only differing by Spirochaetes for captive 219 and by Proteobacteria for wild mountain goats (Table 2; Table 3 Table S5 ). Based 231 on relative abundances the top two phyla for all four mountain goat populations were Firmicutes 232 and Bacteroidetes (Table 2) , with the remaining top five phyla being the most different in SM, 233 which differed by two unique phyla (Tenericutes and Lentisphaerae; Table 2 ). The top five 234 genera, with varying relative abundance, were the same for all populations except CZ, which 235 differed with one unique genus (Bacteroides; Table 3 ). A 4-way PERMANOVA of the Bray 236
Curtis dissimilarity matrix indicated that the four populations of mountain goats had significant 237 shifts (p<0.001) in their microbiome communities (Table 4) and a principle components analysis 238 (PCoA) grouped the CZ samples along PC1 differently than the other three populations that were 239 geographically structured (Figure 4) . 240
Microbiome communities in a single mountain goat population across time 241
The three alpha diversity metrics showed moderate differences between the collection months at 242 diversity as the summer progressed. The significant differences (q-value < 0.01) in the 244 taxonomies observed between June-July, June-August, and July-August at CR were contributed 245 by 3 classes, 4 families, 3 genera, and 3 species (Supplementary Table S5 ). There was no 246 difference in the phyla or orders observed between any months. Based on relative abundances 247 the top two phyla were Firmicutes and Bacteroidetes, with the remaining of the top five phyla 248 only differing by the occurrence of Planctomycetes in August (Table 2 ). The top five genera, 249 with varying relative abundances, were different by one unique genus in June and by two unique 250 genera in July and August (Table 3) . A 4-way PERMANOVA of the Bray Curtis dissimilarity 251 matrix indicated that the collection months had shifts in their microbiome communities 252 (p=0.018; Table 4 ) and a PCoA was unable to differentially separate samples based on collection 253 month (Supplementary Figure S1) . 254
Discussion 255
The structure of the gut microbiome is influenced by a multitude of biotic and abiotic 256 host-specific factors, including genetics, diet, environment, and health status (Bahrndorff et included Ruminococcaceae UCG-010, Ruminococcaceae UCG-005 and Christensenellaceae R-7 320 group, which were also top groups seen in wild populations of sika deer and forest musk deer 321 microbiomes (Guan et al., 2017; Li et al., 2017) . We speculate that these genera are essential for 322 normal gut function in wild ruminant populations although specific functions are unknown. 323
Detectable shifts in microbiome community compositions 324
There were significant shifts in the microbiome community composition between the four 325 different population groups. However, an R 2 value of 0.09 suggests that there are multiple 326 factors, beyond population origin driving the shifts seen in the microbiome communities. 327
Interestingly, although the microbiome communities between captive and wild groups of 328 mountain goats were significantly different, there was less variation explained by captive and 329 wild group differences (R 2 =0.03) than between different population groups. The spatial 330 differences thus are more prominent in shaping microbial composition than that of captivity, and 331 our model fit is consistent with other comparisons of captive and wild groups of ruminants 332 (McKenzie et al., 2018). Here we speculate that the northern latitude or geographic isolation of 333 the Alaskan population has contributed to reduced microbiome diversity in terms of species 334 number (Shafer et al., 2012; Table S3 ). 335
At the phylum level, the most significant (p < 0.001) shifts in microbiome community 336 composition between captive and wild groups were seen in Planctomycetes (increased in wild), 337
and Fibrobacteres and Spirochaetes (both increased in captive). Until recently, Planctomycetes 338 were thought to be strictly environmental, but they have been linked to herbivorous microbiomes 339 
